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PLATES LXXXIV-XCII. 
A  new instrument for observing and recording small changes of 
mechanical pressure by making use of the phenomena of the inter- 
ference of  light  has  recently been  described.  1  Several  important 
changes in the instrument have been made since the original com- 
munication,  and  the  development of  its  applications  has  been  in 
steady progress.  In the present paper, an account is given of some 
results  obtained  on normal  subjects  in  the  effort  to  ascertain the 
characteristics and possibilities of the instrument.  At certain por- 
tions of the cardiac cycle, changes take place with such rapidity that 
it requires an instrument free from any considerable inertia in the 
moving parts to register them accurately. 
In  instruments  heretofore  in  use,  the  mass  and  inertia  of  the 
moving parts and the distance through which they are  required to 
move have been considerable.  At the points of most rapid pressure- 
changes in the cardiac cycle, such instruments overshoot the mark 
on the up stroke and then again on the return because of the inertia. 
The important feature of the new instrument is that it reproduces 
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faithfully  all  pressure  changes  without  the  disturbing  effect  of 
inertia.  This  is  due to  two causes:  first, the mass  of the moving 
part  is  small  and  is  controlled by the  strong  elastic  force of  the 
diaphragm,  and  second,  the motion  required of  it  is  microscopic; 
in fact it can not be seen to move at all with the unaided eye.  By 
means  of  the  interference  of  light,  however,  the  motion  of  the 
diaphragm itself is magnified about 50,000 times, a magnification so 
great that the motion of the diaphragm becomes directly visible to 
the eye. 
THE  MICROGRAPH. 
The instrument contains a  thin metal diaphragm similar to that 
of a  telephone, on one side of which there is  an air chamber con- 
nected by a  tube to a tambour receiver located on any desired por- 
tion  of  the  body.  There  is  thus  a  confined  volume  of  air,  one 
portion of which bears upon the body, which acts as a  transmitter, 
and another portion upon the telephone diaphragm which acts as a 
receiver.  This  diaphragm  is  free to  respond to  all  the vibrations 
transmitted to  it through the medium of the confined air column, 
and  the  motion  produced  in  the  diaphragm  is  too  small  to  be 
observed  directly by  the  unaided  eye.  It  is  for  the  purpose  of 
observing the motion of this diaphragm that the phenomena of the 
interference of light are used, as has been said, and this enables us 
not only to observe the motion visually but to obtain a photographic 
record from which most accurate measurements may afterwards be 
made at leisure.  The instrument is  thus divided into two  distinct 
parts,  (I)  that required for observing the motion of the diaphragm 
visually,  and  (2)  the  additional  apparatus  required  when  photo- 
graphs are to be made. 
A  sectional  view  of  the  instrument  proper  is  shown,  reduced  two-fifths,  in 
figure  I.  In  addition  to  the  source  of  ligh%  this  instrument,  connected  by  tube 
attached  at  the  outlet, T, to  an  ordinary  tambour,  is  all that  is  required  for  ob- 
serving the motion of the diaphragm.  The air space,  C, connected to  the outlet, 
T, through  a  hole in the base, A, is confined on its upper  side by the diaphragm, 
D,  which is clamped by means of the ring, B, to the base.  A  ch.ange of pressure 
of the air in the chamber,  C, causes  a  slight imperceptible  deflection of the  dia- 
phragm,  which  for  motions  as  small  as  a  few  wave-lengths  of  light  is  strictly 
proportional  to  the  change  of pressure  of  the  air. 
The  rest  of  the  instrument  is  the  optical portion  for the  purpose  of  making 
visible  these  small  movements  of  the  diaphragm.  The  only  really  satisfactory 618  The Micrograph. 
method  of  magnifying  these  almost  infinitesimal  movements  is  by  the  llse  of 
light  interference.  A  plane  mirror, E, polished  on  its  upper surface  so  as  to 
make a metal reflector is  supported  by means  of a small block, F, at the center 
of the diaphragm  and  forms a part of the diaphragm,  participating  in all of its 
movements.  Just  above  this  reflector  is  supported  a  cylindrical  piano-co,vex 
lens,  L, with  the  plane  surface on  the  under  side  so  that  it may be  adjusted 
parallel with and close to the reflector, E, without touching it.  This adjustment 
is accomplished by means of the three screws, S, threaded in the brass  ring,  G, 
to  which  the  cylindrical  Iens  is  attached,  and  resting  upon  the  brass  base,  A. 
Three spiral  springs  hold the  ring,  G, to  the base, 2t, and produce  a  lmi~orm 
pressure  at all times upon the screws, S, which  form the only points  of contact 
between  the upper portion and  the base  of the  instrument. 
If  a  mercury  vapor  electric  lamp  is  placed  directly  above  the 
instrument and an observer looks down into  it,  a  series of brilliant 
interference bands  of light  is  seen between  the  two  reflecting sur- 
faces, the lower, E, being attached to the diaphragm  and the upper 
being the plane surface of the cylindrical lens attached to the  frame. 
The position of these  interference bands  depends  upon  the  adjust- 
ment of the lens, that is, upon the distance apart of the two surfaces 
and whether they are parallel.  When the surfaces are separated by 
a  small distance  and are parallel the bands  appear circular in form, 
consisting of a  series of concentric rings. 
As  the  diaphragm  moves,  the  reflecting  surface,  E,  approaches 
and recedes from the lens, and this motion causes the circular bands 
to  contract and  expand  respectively, but  they  remain of  a  circular 
form and the center of the system does not move.  As they contract 
with  an  increase  of pressure  in  the air  chamber,  the  central bands 
disappear one after another while the pressure increases,  and when 
the pressure decreases they reappear again successively at the center 
and  expand.  The  movements  of  these  bands  may  be  seen  by an 
observer looking directly into  the  instrument,  but  to  obtain  all  the 
details  the  motion  may  be  recorded  upon  a  moving  photographic 
plate  or  film  arranged  to  move  transversely  across  a  slit  which 
admits  the  light  to  the  plate.  The bands  form a  real  image  upon 
the  ground  glass  of the  camera  and  appear  as  shown  in  figure  2. 
The slit through which light is admitted to the plate is shown at AB 
and the direction of the motion of the plate is indicated by the arrow. 
When  the circular bands  expand and  contract simultaneously  with 
the  movement of  the  plate past  the  slit,  each band  leaves  its  trace Albert  U.  Crehore  and  Frank  S.  Meara.  619 
upon the  film in the  form of a  wavy line.  At the  center of the 
circular system of bands, P1, t'2, 1"8, P4, etc. represent points where 
the central bands contract to zero and disappear, and reappear on 
expansion leaving a  record upon the plate.  The number of  such 
points represents the number of bands  displaced successively. 
When one interference band expands or contracts so  far that it 
takes the exact place of the next adjacent band, then it is  known 
that  the two  reflecting surfaces have receded or approached by a 
distance exactly equal to  one-half of one wave-length of the par- 
ticular kind of light employed.  Since the wave-length of light is a 
definite well-known distance, the exact distance through which the 
diaphragm moves in a  definite time becomes accurately known by 
counting the number of bands which appear and disappear  in any 
given distance along the plate.  It  follows that an  accurate curve 
representing the pressure changes of the air in the chamber of the 
instrument with the time, that is, a so-called "pressure-time  curve," 
may easily be constructed because, as has been stated, the deflections 
of the diaphragm are strictly proportional to the pressure of the air 
for small deflections. 
TABLE  I. 
Table  of  Measurements  on  Negative.  " I.  B.,"  Dec.  8,  z9zo.  6.3  inches  per 
second.  See  curve,  figure  4. 
Band.  Inches.  Band.  Inches. 
9 
IO 
IO 
9 
8 
7.2 
7.2 
7 
6 
5 
4 
3 
2 
I 
2 
2.3 
0.08 
0.22 
0.52  Maximum 
0.79 
t.o5 
1.24 
I'35 } Level 
2.00 
2.20 
2.51 
2.89 
3.34 
3.6o  Sharp fall 
3.7o 
3.82 
3.94  Minimum 
4,o5 
4.22  Maximum 
2 
I 
2 
3 
4 
5 
6 
7 
7-5 
7.5 
8 
7.5 
8 
9 
IO 
II 
I2 
lI 
I0 
4 32 
4.52  Minimum 
4.78 
5.29 
5.58 
5.95 
6.50 
6.80 
7.co ~ Level 
7.31 J 
7.52  Maximum 
7.76  Minimum 
7.87 
7.96 
8.05 
8.20 
8.65  Maximum 
9. I5 
9.62 
The manner in  which a  curve may be  drawn from the  photo- 620  The Micrograph. 
graph  is shown in detail in figures 3 and 4.  Figure  3  is the photo- 
graphic  record and figure 4  the  pressure-time  curve obtained  from 
it.  The table gives measurements made on the negative from which 
the  curve  is  constructed.  In  the  first  column  appears  the  number 
of the band, and in the second, the distance in inches measured along 
the plate  from an arbitrarily  selected origin to the point where the 
band of that number appears or disappears.  Since the photographic 
film is moved by a  motor at a  uniform speed which is known, these 
distances  in  the  table  may be  converted  into  time  by  multiplying 
each  by a  constant  factor.  In  plotting  a  curve,  any  band  may be 
selected as  a  starting  point  and  designated  by any  desired number 
because we are concerned not with the absolute values of the  pres- 
sure but with relative values only ; but after determining the number 
of a certain band, the band adjacent on one side takes a  number one 
unit greater,  and on the other side one unit less, all the bands being 
numbered  consecutively from  one  end  of  the  record  to  the  other. 
The  same band  frequently passes by several times  in the course of 
a  record and it always has the same number associated with it. 
With  some experience,  it  is  not  necessary  to  make  such  a  table 
of  measurements  to  construct  a  curve.  The  distances  are  easily 
transferred with a pair of dividers directly from the negative to the 
chart,  thus saving time  and labor by avoiding the use of any scale. 
With more experience, the construction of a curve becomes unneces- 
sary,  as it is  not difficult to recognize  its  form by an inspection of 
the negative.  The distances or times of any critical points, such as 
maxima and minima,  and points of most rapid change may be seen 
at  a  glance.  Moreover,  the  trace  of the  bands  furthest  from  the 
center shows the  form of these curves on the negative itself, and in 
many cases this suffices, although  the displacements  are not exactly 
proportional  to  the  pressures.  Figure  5  is  a  photographic  record 
having  the center  of the  circular  system of bands located near  the 
edge  of  the  record  instead  of  at  the  center,  and  the  curves  seen 
below the center,  by following one of the bands continuously  from 
one end of the record to the other, conform in general features with 
a curve drawn from this negative by the above method.  That is, the 
two curves agree  throughout  in  their  direction  of motion,  but the 
curve on the negative does not represent true amplitudes. Albert  C.  Crehore  and  Frank  S.  Meara.  621 
THE  MAGNIFYING  POWER. 
The power of the method of light interference in magnifying the 
true  motion  of  the  diaphragm  of  the  instrument may  easily be 
calculated as  follows: The wave-length of light used  for photog- 
raphy  employing the  mercury vapor  lamp  is  40.47 X  Io  -6  centi- 
meters, and if the diaphragm of the instrument moves one half a 
wave-length, the interference bands move exactly one whole band. 
The size of the image formed by these bands at the distance of the 
film is such that the diameter of the first band is approximately one 
centimeter.  The  diameter  of  this  band,  therefore,  changes  one 
centimeter while the diaphragm moves through a distance of 20.23 
X  Io  -6 centimeters, and the magnifying power is the ratio of  I  to 
20.23  X  IO  -6 =49,4oo.  This figure may be increased or decreased 
somewhat by enlarging or diminishing the image of the bands, but 
there  is  no  great  advantage  in  this  on  account of  the  indefinite 
character of the edges of the bands. 
When  compared with  the  best  microscopes, it  is  seen that  the 
magnifying power of the interference method is twenty to twenty- 
five times greater. 
WAVES OF SOUND RECORDED. 
As the speed of the film is increased, the time of exposure of a 
given point of the negative is reduced.  Knowing the width of the 
slit and the speed of the plate, the time of exposure may be calcu- 
lated.  For  example,  in  securing  the  records  accompanying this 
paper the width of the slit was  a  fixed distance, about 0.05  inch. 
The  highest  speed  of  plate  employed was  fifty-eight inches  per 
second.  Hence,  a  given  point  on  the  plate  passed  the  slit  in 
0.05/58--0.00086  second, and the time of exposure was therefore 
less than the one thousandth part of a second. 
To  secure any record at these speeds  requires an intense light. 
The question of sufficient light intensity for these rapid records is 
one of the  difficulties  which has been largely overcome.  Since a 
nearly monochromatic source of light is required, the common car- 
bon arc lamp can not be used, but the use of the mercury vapor arc 
and the employment of a  single piano-convex cylindrical lens  has 
made it possible to work at the speeds ment'ioned, although the higher 622  The  Micrograph. 
the  speed the  less dense  the  negative.  Figure  19  gives the tracings 
from  two  negatives,  the  records  being  produced  by  singing  the 
vowel "0"  for the one and "E"  for the other on the key of "G" in 
the  second  octave  below  middle  "C."  Certain  of  the  higher  har- 
monics in the case of the letter "0"  are too rapid to be reproduced. 
One of the features of the higher speed cardiograms  is the record- 
ing of  sound  waves  which  are ordinarily  heard  with  a  stethoscope. 
Some of these are shown  on the tracings  in figures 9,  IO, and  16. 
PRACTICAL  APPLICATIONS OF  THE  MICROGRAPH. 
EXPLANATION  OF  PLATES  LXXXIV-XCII. 
PLATE  LXXjXIV. 
THE  INSTRUMENT. 
FIG.  I.  The  instrument.  A=the  base;  B  =a  ring  clamping  the diaphragm, 
D,  to  the  base,  enclosing  an  air-chamber,  C,  connected  at  the  center  with  an 
outlet,  T.  A  reflector,  E,  is  supported  on  a  block,  F,  upon  the  center  of  the 
diaphragm,  D.  The  ring,  G,  carries  a  piano-convex  cyIindrieal lens,  L,  with 
its plane  surface nearest the  reflector, E,  and  is adjustable by the  three  screws, 
S, which are threaded in the ring, G, and bear upon the base, A, passing through 
clearance holes  in  the  ring,  B.  Three  spiral springs  around  the  circumference 
hold the  ring to the base. 
Interference  bands  are  formed,  between  the  under  surface,  of  the  lens,  L, 
and  the  upper  surface  of  the  reflector,  E,  when  the  surfaces  are  adjusted 
parallel. 
FIG. 2.  The  left  of  the  figure  represents  an  image  of  the  band  system  as 
formed on  the  ground  glass  of  the  camera,  and  AB  shows  the  position of  the 
slit in the  camera. 
The  right of  the  figure  represents the  paths  of  the  moving bands  as  traced 
on the film passing the slit AB. 
PLATE  LXXXV. 
ILLUSTRATIVE  CURVE  AND  PHOTOGRAPHS. 
FIG. 3.  Photograph of moving bands  from which the table of measurements 
(table  I)  was  derived  and  the  curve  in  figure  4  plotted.  The  center  of  the 
bands  is in  the  center of  the  plate. 
FIG. 4 illustrates the curve plotted from the photograph in figure 3. 
FIG. 5.  Photograph  of  moving bands  from  which  the  lower  curve  in  figure 
6  is  plotted.  The  center  of  the  bands  is  on  the  edge  of  the  plate.  Six  suc- 
cessive cardiac  cycles  are  recorded. 
At  one  portion  of  each  cycle,  corresponding  to  the  dotted  line  in  figure  6, 
the motion of the bands  is too rapid to be recorded at this  speed of plate. 6. t:.  N.L 
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PLATE  LXXXVI. 
THE  APEX BEAT. 
FIG.  6  shows,  in  the  lower  portion,  a  curve  of  an  apex  beat  plotted  from  a 
plate moving at the rate of 2.1  inches per second, the heart beating at 86 cycles to 
the minute,  or about o.7  second per  cycle. 
The upper portion shows the curve of an apex beat taken from a  plate moving 
at a  speed  of 5.96 inches per second,  the heart beating at 81  cycles to the minute 
or  o.73  second  per  cycle. 
Each  of  these  curves  shows  two  features  in  common;  first,  three  waves  of 
increased pressure on the upstroke,  and second,  an interrupted line on, the down- 
stroke,  designating that at this point on each curve the bands moved  too  rapidly 
to  be  registered  separately  at  these  rates  of  speed. 
~IG.  7  shows  two  more  curves  of  apex  beats  taken  from  plates  moving  at 
the rate of  lO.85  inches per second.  They show the same characteristics as those 
in  figure  6,  but  at  this speed  they begin to bring out more  detail. 
PLATE  LXXXVII. 
THE  APEX  BEAT. 
FIG.  8  shows three more apex curves, each at a  rate of  lO.85  inches per second 
as  in  figure  7,  and  each  bringing out  the  characteristic  waves,  but  the  contour 
of  the  curve  as  a  whole  varies,  as  do  those  of  the  lever  cardiogram,  owing 
probably  to  the  varying  site  of  the  tambour  with  reference  to  the  exact  apex 
impulse. 
FIG.  9  is  recorded  from  two  plates  each moving at  a  rate  of  22.25  inches per 
second,  and  shows  the detail of  the upstroke  and its  three major waves.  It will 
be  seen  that  superimposed  upon  these  three  major  waves  are  minute  waves,  or 
rather  that the  major  waves  are  constituted  throughout  of  minor  waves  repre- 
senting vibrations varying in  these  figures  from  166  to  333  per  second.  In  the 
upper curve the wave-lengths only are indicated, while in the lower,  the complete 
curve including the amplitude is  drawn.  The number of  complete vibrations per 
second is  indicated by "n." 
PLATE  LXXXVIII. 
THE  APEX  BEAT. 
Fro. lO, at the same speed, continues the detail  of the curve of which figure 9 
is  a  part.  It covers that portion  of the curve in figure 6  represented  as  a  dotted 
line, in which the bands were moving too  rapidly to be registered separately on a 
plate  moving  at  the  slower  speed.  Here  again  the  letter  "n"  represents  the 
numbers of complete vibrations per second. 
While  it  may  be  objected  that  these  vibrations  are  extraneous  to  the  heart, 
in the chest wall,  or  from  the  environment of  the patient,  we  shall  express  our 
opinion,  based  on  the  regularity  of  their  recurrence  in  curve  after  curve,  that 
they represent vibrations having different characteristics in different parts  of the 
cycle, originating perhaps in the contraction of the cardiac muscle, or in the valves, 
or  in  the  blood  current.  The  fact  that  the  frequency  varies  rapidly  in  a  small 
fraction  of  a  second  proves that  these  vibrations are  not  due  to  the  instrument 
per  se. 624  The Micrograph. 
FIG.  II  shows  the curves  from  figures  5 to  IO reduced to the same  scale.  This 
figure  shows  how persistent in  all these  curves  are  the  fundamental  characteris- 
tics,  while the feature of each individual curve varies.  This is in agreement with 
the  results  obtained  by  the  lever. 
PLATE  LXXXIX. 
THE  RADIAL  PULSE. 
FIGS.  I2  and  I3  are plotted  from plates  recording  the  events  of radial  pulses, 
the familiar contour of which appears at once,  and it seems all the more  remark- 
able  at  first  thought  when  it  is  considered  that  the  movement  of  no  lever  was 
concerned in the production of this latter curve, which is only the plotted expres- 
sion  in  time  and  pressure  of  what  is  going  on  in  the  pulse  as  recorded  in  the 
photograph  of  moving interference  bands  of  light;  but  on  second  thought,  it  is 
appreciated  that this  curve is  a  true pressure-time curve,  which the lever tracing 
inadequately  approximates. 
These  curves  of  normal  pulses  all  show  the  characteristic  dicrotic  notch,  a 
sloping  upstroke,  and  a  rounded  plateau. 
PLATE  XC. 
THE  .]-UGULAR  VEIN. 
To  the  student  of  cardiac disease,  tracings  of  the jugular  pulse  are  of  domi- 
nant  interest. 
FIG.  14  shows  four  of  these cycles  taken  from  the  jugular  vein  of  a  normaI 
subject,  the  heart  beating  at  7o  to  the  minute.  The  speed  of  the  plate  is  5.98 
inches  per  second.  The  remarkable  repetition  of  these  tracings  plotted  from 
four  different  cycles  on  the  negative  attest  the  accuracy  of  the  registration  of 
the  pressure  changes  within  the  vessel.  To  analyse  these  tracings  in  terms  of 
the  lower  tracings  is  not  so  easy  a  task  as  in  the  case  of  the  radial  and  apex 
curves.  For  this  reason  we  felt  it  necessary  to  obtain  tracings  for  comparison 
from  the bared jugular  vein of  a  dog  (see  figure  I5). 
Fro.  I5  shows  seven  curves  taken  from  the  bared  jugular  vein  of  a  dog. 
Compare  the details with those  of  the human  subject in figure  I4.  The  striking 
similarity  in  the  waves,  allowing  for  difference  in  amplitudes  is  obvious. 
Curves  51  to  55  are  taken  from  plates  moving  at  the  rate  of  II.25  inches  per 
second.  Curves  56  and  57  are  portions  of  a  cycle  from  a  plate  moving  at  the 
rate  of  23.3  inches  per  second,  about  twice  as  fast  as  the  preceding,  on 
which  sound  vibrations  are  determined  ranging  from  14o  to  35o  periods 
per  second. 
Note  the  rapid  fall  in  the  pitch  of  the  sound,  i.  e.,  from  35o  to  i8I  com- 
plete  cycles  in  about  o.o2  second,  as  the  summit  of  the  wave  is  passed. 
PLATE  XCI. 
THE  JUGULAR VEIN. 
FIG.  I6  shows  two  more  curves  taken  from  the  bared  jugular  of  a  dog, 
the plate  moving  at  Io.9  inches  per  second,  the  heart  beating  at  I6O  and  I7O THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL.  XIII.  PLATE  LXXX~IV. 
FIG.  I. 
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FIG.  4. 
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per  minute.  The  lower  curve  shows  with  what  accuracy  rapid  changes  of 
pressure  are  recorded  in  hearts  beating  at  a  rate  which  in  the  human  subject 
constitutes  a  taehycardia. 
FIG.  17.  Photograph  of  bands,  showing  sound  waves,  taken  from  the  bared 
jugular  vein  of  a  dog. 
RESPIRATORY CURVE. 
FIG.  I8  is  a  respiratory  curve  taken  from  a  plate  moving  2.2  5  inches  per 
second.  It  suggests  at  once  the  use  of  the  instrument  in  the  study  of 
respiratory  movements,  physiological  and  pathological. 
PLATE  XCII. 
THE  HUMAN  VOICE. 
FIG.  19  shows  curves  of  the  human  voice  plotted  from  the  photograph  in 
figure  2o. 
FIG.  2o.  Photograph  of  bands,  showing  sound  waves,  of  the  vowel  "E,"  in 
the key  of " G," sung into the instrument.  "n"  -~ 97. 